Ovarian cancer is the second-most common gynaecological cancer, and ranks as the most lethal gynaecological malignancy worldwide ([@bib7]; [@bib20]). The major reason for the high death rate is the widely metastatic spread predominantly in the abdomen ([@bib3]; [@bib13]). Epithelial--mesenchymal transition (EMT) is a major process for the conversion of early-stage ovarian tumours to invasive and metastatic malignancies, promoting the aggressiveness of ovarian cancers, due to the loss of epithelial characteristics and acquisition of mesenchymal characteristics ([@bib14]). Therefore, EMT was described as critical event in cancer progression and metastasis ([@bib21]), and has drawn much attention in ovarian cancer metastasis research ([@bib17]). EMT is generally induced by developmental signalling pathways, most notably, the TGF-*β* pathway is regarded as a primary inducer of EMT ([@bib26]; [@bib21]). In response to TGF-*β*, the type II receptor (T*β*RII) kinases phosphorylate and activate the type I receptors (T*β*RI), which in turn phosphorylates Smad2 and Smad3. Phosphorylated Smad2 and Smad3 then form trimers with Smad4, and the complex translocates to the nucleus to regulate target gene transcription, in large part via transcription factors Snail family, leading to the molecular changes, including the loss of epithelial markers, such as E-cadherin, and the upregulation of mesenchymal markers, like Fibronectin, N-cadherin etc ([@bib26]). Moreover, emerging evidences have indicated that TGF-*β* aberrantly expresses in ovarian cancer and triggers metastasis and malignancy ([@bib12]). Hence, blockage of TGF-*β*-Smads-Snails pathway to resist EMT may be an effective strategy to cure the metastatic ovarian cancer.

The human homologue of murine double minute-2 (MDM2) is an oncogene related with various types of malignances, including the occurrence of metastasis in several reports ([@bib22]; [@bib31]). MDM2 mainly functions as an E3 ligase targets various substrates (generally tumour suppressors, such p53 and Rb) for ubiquitylation and proteasome-dependent degradation, thereby promoting cancer malignancy. Recently, several lines of evidences implicate the crosstalk of MDM2 and Smad pathway. It was reported that TGF-*β*1-activated Smad3/4 transcription factors, leading to increased MDM2 protein expression and destabilisation of p53. In addition, activated Smad3 and MDM2 were both positive in 65% of the metastatic late-stage breast cancer, demonstrating a strong correlation between TGF-*β* induced MDM2 and metastatic tumours ([@bib2]). Moreover, in our previous study, we found that a potent and selective small molecular MDM2 antagonist Nutlin3 inhibited TGF-*β*1-induced EMT in ovarian cancer cells ([@bib25]), indicating the correlation of MDM2 and EMT in ovarian cancer. A recent study demonstrated that MDM2 induced EMT by enhancing Snail expression ([@bib10]); however, whether MDM2 is involved in the TGF-*β*-Smad signalling pathway thus promoting the progression of EMT remains unclear.

In this study, we find that MDM2 facilitated cell motility and EMT occurrence in ovarian cells through the activation of TGF-*β*-Smads and subsequently increased Snail/Slug transcription. The depletion of MDM2 impaired TGF-*β* induced EMT through TGF-*β*-Smads-Snail/Slug pathway. Further studies showed that the N-terminus (1--109) of MDM2 is required for inducing EMT, since only Nutlin-3, the antagonist targeting the N-terminus of MDM2, could impede the cell migration. In the contrast, HLI-373, an ubiquitin E3 ligase inhibitor targeting the C-terminus of MDM2, failed to impose effects on the Snail/Slug expression and rescue TGF-*β*-induced cell motility. These findings suggest that MDM2 may be a potent therapeutic target of ovarian cancer and MDM2 N-terminal selective antagonist could be regarded as an effective strategy for the metastatic ovarian cancer therapy.

Materials and methods
=====================

Cell culture and reagents
-------------------------

The human ovarian cancer cell line SKOV3 and the mouse Lewis lung cancer (LLC) cells were obtained from Shanghai institute of Biochemistry and Cell Biology, Chinese Academy of Medical Sciences (Shanghai, China). SKOV3 cells were maintained in RPMI-1640 medium (Gibco, Grand Island, NY, USA), LLC was cultured in DMEM, supplemented with 10% foetal bovine serum (HyClone, Logan, UT, USA) and standard antibiotics at 37 °C in a humidified atmosphere containing 5% CO~2~.

TGF-*β*1 was purchased from R&D systems (Minneapolis, MN, USA). To induce EMT, cells were planted on the previous day, starved (serum-free medium) overnight and treated with 5 ng ml^−1^ TGF-*β*1. Nutlin-3 was purchased from Sigma-Aldrich (St Louis, MO, USA). HIL-373 was obtained from Tocris Bioscience (Bristol, UK).

Gene transfection and RNA interference technology
-------------------------------------------------

The pCMV-myc3-MDM2 plasmid or small interfering RNA was transfected into cells using Oligofectamine (Invitrogen, 12252-011) or Lipofectamine 2000 (Invitrogen, 11668-019) according to the manufacturer's instructions. The pCMV-myc3-MDM2 plasmid was purchased from Addgene (plasmid \#20935, Cambridge, MA, USA). And the deletion mutants were constructed by Genscript Co. Ltd (Shanghai, China). Human MDM2 siRNA was produced by GenePharma Co. Ltd (Shanghai, China). The sequences of human siRNAs were as follows, si-MDM2-1: sense: 5′-AAUGCCUCAAUUCACAUAGAUTT-3′, antisense: 5′-AUCUAUGUGAAUUGAGGCAUUTT-3′ si-MDM2-2: sense: 5′-GCCUGGCUCUGUGUGUAAUTT-3′ and antisense: 5′-AUUACACACAGAGCCAGGCTT-3′.

Western blotting analysis
-------------------------

Western blotting analysis of proteins in cell lysates was determined as previously described ([@bib25]). Primary antibodies used were as follows: anti-MDM2 (Cat\# 556353), anti-E-cadherin (Cat\# 610405) and anti-Fibronectin (Cat\# 610078) were purchased from BD (San Diego, CA, USA); anti-Slug (Cat\# 9585), anti-Smad2/3 (Cat\# 3102), anti-p-Smad2 (Cat\# 3108), anti-p-Smad3 (Cat\# 9520), anti-Smad4 (Cat\# 9515) and anti-myc-tag (Cat\# 2278) were from Cell Signaling Technology (Beverly, MA, USA); anti-Snail (Cat\# AF3639) and anti-TGF-beta RI (Cat\# AF3025) were from R&D; anti-*β*-Actin (Cat\# sc-47778) was purchased from Santa Cruz (Santa Cruz, CA, USA).

Transwell assay and wound-healing assay
---------------------------------------

Transwell and wound-healing assay analysis of cell motility were determined as previously described ([@bib25]). A Boyden Chamber system (Costar Corp., Cambridge, MA, USA) was used for migration assay. SKOV3 cells (starved-treated overnight) were seeded in a density of 3 × 10^4^ per well in the upper chamber with serum-free medium, while serum was placed in the lower chamber. After 24-hour incubation, the cells remaining in the upper chamber were removed with cotton buds, and then the cells had migrated through the chamber were fixed with 75% EtOH for 30 min followed by 0.1% crystal violet staining for 20 min. The stained cells were subsequently photographed by microscope (LEICA DMI 4000B). For the analysis, an equal volume of 10% acetic acid was added to each well to completely dissolve the stained crystal violet. OD750 was read to quantify the percentage of migrated cells.

For wound-healing assay, the SKOV3 cells overexpressed MDM2 or knockdown of MDM2 were seeded in 24-well plates in complete culture medium and grown to confluence. Cells were serum starved overnight and then wounded by scratching with a sterilised 200 *μ*l pipette tip and then cultured with fresh complete culture medium for indicated times. After that, cells were photographed using a LEICA DMI 4000B microscope.

Immunofluorescence
------------------

Cells transfected with pCMV*β*-myc3-MDM2 plasmid or empty vector were plated in 6-well plates. Then cells were fixed with 4% paraformaldehyde in PBS for 15 min, and blocked with 3% bovine serum albumin (Sigma-Aldrich, A7906) and 0.3% Triton X-100 in PBS for 1 h at room temperature. MDM2 and p-Smad3 was probed with primary antibodies anti-MDM2 (1 : 50) and anti-pSmad3 (1 : 150) in PBS overnight at 4 °C at room temperature and Alexa Fluor 488 donkey anti- rabbit IgG secondary antibody (Invitrogen, A-11008) or Alexa Fluor 568 donkey anti-mouse IgG secondary antibody (Invitrogen, A-10037) diluted in 1 : 500 in PBS for 1 h at 37 °C. Nuclei were visualised by staining with DAPI (4′ 6-diamidino-2-phenylindole; Sigma-Aldrich, D9542). Cells were than washed thrice with PBS and imaged with Leica DMI 400B fluorescence microscope.

Anti-MDM2 (Cat\# sc-965), anti-E-cadherin (Cat\# sc-7870) were purchased from Santa Cruz (Santa Cruz), and anti-p-Smad3 (Cat\# 9520) was from Cell Signaling Technology (Beverly, MA, USA).

Real-time PCR
-------------

Analyses of mRNA levels using real-time PCR was determined as previously described ([@bib25]). The sequence of oligonucleotide primers *E-cadherin* (forward primer: 5′-TTCTGCTGCTCTTGCTGTTT-3′ reverse primer: 5′-TGGCTCAAGTCAAAGTCCTG-3′), *Slug* (forward primer: 5′-GAAAGGCCTTCAACTGCAAA-3′ reverse primer: 5′-TGACATCTGAGTGGGTCTGG-3′), *Snail* (forward primer: 5′-AGATGCATATTCGGACCCAC-3′ reverse primer: 5′-CCTCATGTTTGTGCAGGAGA-3′) and *GAPDH* (forward primer: 5′-GTCATCCATGACAACTTTGG-3′ reverse primer: 5′-GAGCTTGACAAAGTGGTCGT-3′) were synthesised by Sangon (Shanghai, China).

Luciferase reporter assay
-------------------------

The procedure for the SBE-luciferase reporter assay has been previously described ([@bib25]). SKOV3 cells were seeded in 96-well plates at 5000 cells per well and transfected with MDM2 expression or empty Vector plasmid. After 24-h transfection, Lipofectamine plus reagent (Invitrogen) was used to perform co-transfection of pGL3 SBE-luciferase reporter construct (Addgene) along with pRL-TK Renilla. After 24-h incubation, cells were treated with or without TGF-*β*1 (5 ng ml^−1^) for 6 h, and then harvested and assayed for SBE-luciferase activity, which was measured using using the Dual-luciferase Reporter Assay System (Promega, Madison, WI, USA) as described in the manufacturer's instructions. Each luciferase assay was performed 3 times in triplicate and values represented as mean±s.d. determined by Student's *t*-tests.

Immunohistochemistry
--------------------

Formalin-fixed and paraffin-embedded tissue sections from human ovarian cancer tissues or normal tissues were deparaffinisation, and treated with 3% hydrogen peroxide in methanol for 15 min at room temperature to quench endogenous peroxidase activity. Then the slides were microwaved (10 min) in 0.01 M citrate buffer (PH 6.0) at 95--100 °C and cooled down at room temperature for 20 min for antigen retrieval and this progress was repeated at least 3 times. After antigen retrieval, the slides were blocked using 20% normal goat serum and then stained with MDM2 antibody overnight followed by biotinylated secondary antibodies and horseradish peroxidase-conjugated avidin. The sections were then stained with DAB and the nuclei were counterstained using haematoxylin. Anti-MDM2 (Cat\# 556353) were purchased from BD (San Diego, CA, USA), haematoxylin was from Beyotime Biotechnology (Shanghai, China). MDM2 visualised with 3, 3′-diaminobenzidine.

Statistical analysis
--------------------

Student's *t*-tests were used to validate the significance of the data analysed and considered statistically significant when *P*\<0.05 (\**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001).

Results
=======

MDM2 is correlated with the motility of SKOV3 cells
---------------------------------------------------

To evaluate whether MDM2 is correlated with the motility in SKOV3 cells, we introduced exogenous myc-MDM2 plasmid and silenced the expression of MDM2 using siRNA respectively to validate the motility using transwell assay and wound-healing assay. The effects of transfection were shown in [Figure 1A](#fig1){ref-type="fig"}. The transwell assay was used to validate the chemotaxis of SKOV3 cells influenced by MDM2, and we found that the cells with MDM2 overexpression invaded migration onto the lower surface of the porous membrane ([Figure 1B](#fig1){ref-type="fig"}), while siMDM2 with 2 different sequences distinctly reversed foetal bovine serum-induced migration ([Figure 1D](#fig1){ref-type="fig"}). Similar findings were confirmed by wound-healing assay. As shown in [Figure 1C and E](#fig1){ref-type="fig"}, overexpression of MDM2 induced cells to migrate and enhanced the closure of 'wounding area' of cells, in the contrast, siMDM2 significantly reduced cell migration remained cell-free space after 24 h compared with control group cells. These findings indicated the correlation between MDM2 and the motility of ovarian cancer cells.

Knockdown of MDM2 impairs the TGF-*β*-induced EMT of SKOV3 cells
----------------------------------------------------------------

Since EMT plays a crucial role in early steps of metastasis, we further detected whether MDM2 was associated with EMT of SKOV3 cells. After transfected with pCMV*β*-MDM2 for 48 h, the morphology of SKOV3 cells switched to mesenchymal appearance, with the loss of intercellular connections ([Figure 2A](#fig2){ref-type="fig"}), accompanied with the loss of epithelial marker E-cadherin ([Figure 2B](#fig2){ref-type="fig"}).

Mounting evidences showed that TGF-*β* is among the strongest inducer of physiological and pathological EMT, which is mediated by binding to its receptor to activate the downstreaming transcription factors. In this study, we treated SKOV3 cells with TGF-*β* (5 ng ml^−1^) to stimulate the occurrence of EMT. As shown in [Figure 2C](#fig2){ref-type="fig"}, TGF-*β* induced the cells to acquire mesenchymal-like morphology, however, which was subsequently rescued by the knockdown of MDM2 using siRNA, with the establishment of cell adhesion and polarity. Consistent with these results, siMDM2 prevented the downregulation of E-cadherin protein levels induced by TGF-*β* stimulation, indicating the acquisition of epithelia properties ([Figure 2D](#fig2){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Afterwards, we introduced consistent activated TGF-*β* receptor I (CA-TBRI) to mimic TGF-*β* treatment, resulting in the raised expression of mesenchymal marker Fibronectin. In accordance with previous findings, the MDM2 knockdown depressed the Fibronectin expression caused by CA-TBRI ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). However, the MDM2 depletion failed to reversed the reduction of E-cadherin protein leaded by nuclear factor-κB, another reported EMT inducer, induced by TNF-α treatment ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}), indicating the enhanced EMT induced by MDM2 is TGF-*β* dependent.

Since the transcription of E-cadherin can be repressed by TGF-*β* induced EMT, we next conducted real-time PCR analysis to evaluate the mRNA level of *E-cadherin*. As shown in [Figure 2E and F](#fig2){ref-type="fig"}, compared with vector controls, MDM2 overexpression impeded the *E-cadherin* mRNA level, while MDM2 deletion significantly abolished the reduction caused by TGF-*β*. Collectively, these results suggested the MDM2 knockdown depressed the TGF-*β*-induced EMT of ovarian cancer cells.

MDM2 depletion reverses the TGF-*β*-induced Snail/Slug activation
-----------------------------------------------------------------

Aforementioned data indicated that MDM2 depletion could rescued the attenuated E-cadherin protein and mRNA levels in response to TGF-*β* treatment. Accumulating evidences showed that TGF-*β* stimulation of EMT represses the synthesis of *E-cadherin* transcripts in large part via its ability to induce the expression of the Snail family, including Snail1 and Snail2 (Slug). Therefore, we are interested whether MDM2 mediated the protein and mRNA levels of Snail family. As shown in [Figure 3A and B](#fig3){ref-type="fig"}, exogenous MDM2 was transfected into SKOV3 cells, and enhanced not only the protein expression but also the mRNA levels of *Snail* and *Slug*. Furthermore, when MDM2 was depleted in cancer cells, followed by co-incubation with TGF-*β*, the TGF-*β* induced upregulation of Snail/Slug protein and mRNA levels was significantly attenuated by MDM2 knockdown ([Figure 3C and D](#fig3){ref-type="fig"}).

It is interesting to note that several certain responses exhibited in response to TGF-*β* are governed primarily by the expression of various Smad2/3-interacting transcription factors, as well as their association with additional transcriptional activators or receptors. To further investigate whether the raised *Snail/Slug* mRNA is attributed to the interaction with receptor-activated Smads (R-Smads), we introduced Smad promoter fragment SBE-luciferase as well as renilla plasmids in the presence or absence of MDM2 knockdown. As shown in [Figure 3E](#fig3){ref-type="fig"}, MDM2 deficiency resisted the SBE-luciferase activity upregulated by TGF-*β*, suggesting that MDM2 regulated Smads transcriptional activity.

These data collectively illustrated MDM2 enhanced the transcription and protein expression of Snail/Slug through the Smads transcriptional activity.

MDM2 facilitated Smad2/3 activation, which is conversely indispensable for MDM2 to induce EMT
---------------------------------------------------------------------------------------------

To define the role of MDM2 for Smad activation, we firstly overexpressed MDM2 by introducing the MDM2 plasmid into the SKOV3 cells and detected the phosphorylation level of Smad2/3 by Western Blot. As shown in [Figure 4A](#fig4){ref-type="fig"}, MDM2 overexpression triggered the upregulation of pSmad2 (S465/467) and pSmad3 (S423/425), even without the treatment of TGF-*β*, indicating that MDM2 could activate Smad pathway by increasing the phosphorylating Smad2. Interestingly, the additional TGF-*β* into MDM2 transfected cells failed to further increase pSmad2, thus raising the possibility that MDM2 converged with TGF-*β* pathway to activate the Smad complex. The result of immunofluorescence assay further displayed that MDM2 induced the pSmad3 expression ([Figure 4D](#fig4){ref-type="fig"}). Furthermore, the MDM2 silencing resulted in restrain of Smad2/3 activation irritated by TGF-*β* ([Figure 4B](#fig4){ref-type="fig"}). Interestingly, we further found that the Smads pathway was essential for MDM2 to induce EMT, conversely. Depletion of Smad2, Smad3, and Smad4 respectively rescued downregulation of E-cadherin protein induced by MDM2 overexpression ([Figure 4C](#fig4){ref-type="fig"}). Altogether, these results suggested MDM2 facilitated Smad2/3 activation, which is conversely indispensable for MDM2 to induce EMT.

N-terminal of MDM2 is required for inducing EMT and promoting the motility of SKOV3 cells
-----------------------------------------------------------------------------------------

Given the critical role of MDM2 in inducing EMT, we hypothesised that MDM2 inhibitors could inhibit EMT and the motility of ovarian cancer cells. In line with this, our previous study found Nutlin-3, a MDM2 antagonist, inhibited EMT by interfering with TGF-*β*1-Smad Snail/Slug axis ([@bib25]). Similar observations were also observed in the present study: Nutlin-3a decreased the phosphorylation of Smad2/3, accompanied by the reduced expression of Snail/Slug protein levels ([Figure 5A](#fig5){ref-type="fig"}), and exhibited significant inhibitory effects against TGF-*β*-induced migration of SKOV3 cells ([Figure 5B](#fig5){ref-type="fig"}). In addition, the *in vivo* anti-metastatic ability of Nultin-3a was also observed in LLC allograft models of C57BL/6 mice ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

Unexpectedly, not all the MDM2 inhibitors possessed the ability to suppress cancer cell migration: HLI-373, a MDM2 inhibitor interrupting its ubiquitin E3 ligase activity, could abolish the ubiquitylation of its substrate protein p53 ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}), but failed to rescue the upregulation of Snail/Slug and the activation of Smad2 induced by TGF-*β*, along with the *E-cadherin* mRNA levels repressed by TGF-*β* ([Figure 5C](#fig5){ref-type="fig"} and [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Moreover, HLI-373 failed to impose inhibitory effects on the motility of ovarian cancer cells ([Figure 5D](#fig5){ref-type="fig"}). Similar results were obtained when we used exogenous MDM2 overexpression to trigger the ability of invaded migration, which was not affected by the HLI-373 co-incubation ([Figure 5E](#fig5){ref-type="fig"}).

To gain insight into the mechanisms underlying the distinct effects of these two MDM2 inhibitors, we supposed that the MDM2 region targeted may play differential roles in the EMT, as Nutlin-3 targets the N-terminus of MDM2 binding to p53, while HLI-373 targets the C-terminus functioning as an E3 ubiquitin ligase. Therefore, we introduced four MDM2 plasmids fused to a myc-tag into SKOV3 cells. Consistent with our hypothesis, only the mutant of MDM2-Δ1--109 (Deletion of the 1--109-residue amino-terminal domain in MDM2 N-terminus) lost the ability to decrease the E-cadherin protein levels, while a C-terminal RING-finger domain mutant with deletion of residues 429--491(MDM2-Δ422--491), and a RING finger mutant with cysteine changed to alanine leading to loss of its E3 ligase activity (MDM2 C464A), exerted similar effects as that of the full-length wide-type MDM2 ([Figure 5F](#fig5){ref-type="fig"}). Transwell assay further showed that the induction of migration was impaired by the deletion of MDM2 N-terminus ([Figure 5G](#fig5){ref-type="fig"}).

Collectively, these data suggested that the N-terminal, but not the E3 ligase activity was required for MDM2 to induce EMT and increase the motility of ovarian cancer cells, and the small molecule inhibitors targeting N-terminal of MDM2 could be regarded as potential strategies to interfere with EMT and the subsequent metastasis.

MDM2 expression is associated with the stage of ovary carcinoma
---------------------------------------------------------------

The overexpression of MDM2 in ovarian cancer has been reported in several previous studies. Similar results were obtained in our present study: immunohistochemistry assay revealed in 104 ovarian cancer cases, 94% were detected to demonstrate positive expression of MDM2, while MDM2 was negative expressed in all normal tissues cases ([Figure 6A and B](#fig6){ref-type="fig"}). To further determine the connection between MDM2 expression and ovarian cancer, we used log IOD in Image-Pro Plus 6.0, illustrating that MDM2 expression levels from ovarian cancer were significantly higher than normal tissues ([Figure 6C](#fig6){ref-type="fig"}). Since ovarian cancer is a highly metastatic cancer, most ovarian cancer patients harbour metastasis upon initial diagnosis. We next detect the correlation of MDM2 expression and metastasis of ovarian cancer. As shown in [Table 1](#tbl1){ref-type="table"}, all 18 cases with high expression of MDM2 were from stages III and IV ovarian cancer patients with metastasis. Among the all 104 ovarian cancer cases with MDM2 expression, only 21 cases were from stages I and II non-metastatic patients. A positive correlation between the MDM2 expression and ovarian cancer metastasis is also found with statistically significant (*P*=6.13E-05). These results suggest that MDM2 expression levels are associated with the stage and metastasis of ovary carcinoma.

Discussion
==========

MDM2 has been reported to be amplified and overexpressed in a variety of human malignances ([@bib31]; [@bib24]; [@bib6]), and closely associated with cancer metastasis ([@bib19]), contributing to the poor prognosis and short survival in patients([@bib5]). In line with these reports, the present study found that MDM2 overexpression was observed in 94% of ovarian cancer patients, and the high levels of MDM2 were associated with the stage and metastasis of ovary carcinoma ([Figure 6](#fig6){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). In our study, we also found that the MDM2 depletion arrested cell proliferation of SKOV3 cells ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), indicating that MDM2 plays a significant role in human ovarian cancer. However, the mechanisms underlying cancer metastasis mediated by MDM2 remains unclear ([@bib18]). Yang *et al* ([@bib28]) suggested that MDM2 promotes cell motility and invasiveness by regulating E-cadherin ubiquitination and degradation, indicating that the E3 ligase activity of MDM2 might be involved in cancer metastasis. Nonetheless, there is no clear evidence of anti-metastasis activity due to the inhibition of MDM2 ubiquitin E3 ligase activity. In the contrast, the antagonists targeting MDM2-p53 binding exert excellent anti-metastasis effects. SP-141, a specific MDM2 inhibitor binding to the hydrophobic pocket occupied by p53, exerts potent therapeutic effects to decrease the tumour growth and inhibit metastasis in breast cancer models ([@bib23]; [@bib16]). Furthermore, studies in renal cell carcinoma cells found that MDM2 promotes cell motility and invasiveness through a RING-finger independent mechanism ([@bib15]), implying that the pro-metastatic functions of MDM2 is not mediated by its E3 ligase activity.

Human MDM2 is a complicated and highly regulated protein comprising of 4 functional domains ([@bib30]; [@bib8]), among these regions, the N-terminal and the C-terminal are most critical. The N-terminal region of ∼100 amino acid residues is essential for binding with high affinity to the other proteins like p53, for instance, thus regulating the functions of its client proteins. The C-terminus comprising a Zn^2+^-binding RING domain is essential for its E3 ubiquitin ligase activity. In our study, we found that the N-terminal depletion, but not the C-terminal depletion of MDM2, lost the ability of inducing EMT and cell migration which was possessed by the full-length MDM2 ([Figure 5F and G](#fig5){ref-type="fig"}). Consist with this observation, we found Nutlin-3, the MDM2 antagonist targeting N-terminus, repressed EMT by interfering with TGF-*β*1-Smad Snail/Slug axis ([Figure 5A and B](#fig5){ref-type="fig"}); conversely, HLI-373, a MDM2 inhibitor interrupting its ubiquitin E3 ligase activity, failed to impose inhibitory effects on EMT and cell motility ([Figure 5C--E](#fig5){ref-type="fig"}). Thus, our findings reveal that the N-terminus of MDM2 plays a critical role in inducing EMT and motility in ovarian cancer cells, serving Nutlin-3 as a potential therapeutic approach for ovarian cancer EMT and metastasis.

Mounting evidences have confirmed MDM2 is highly associated with cancer metastasis, yet limited studies have reported the correlation between MDM2 and cancer EMT. In recent studies, MDM2 has been shown to ubiquitinate E-cadherin, targeting it for degradation ([@bib1]); or upregulate Snail expression subsequently to induce EMT both in breast cancer cells ([@bib10]). Nevertheless, whether MDM2 induces EMT progress in ovarian cancer remains unknown, since the role of MDM2 in EMT could be strictly cell type- and context-specific, owing to the negative regulation of MDM2 in lung cancer EMT, through MDM2-mediated degradation of Slug ([@bib22]; [@bib9]). In this study, we provide for the first evidence indicating the involvement of MDM2 in ovarian cancer EMT. Because TGF-*β* expresses aberrantly in ovarian cancer, leading to metastasis and malignancy, we introduced TGF-*β* into ovarian cancer cells, to mimic pathological EMT progress. We found that TGF-*β*-induced EMT is reversible, impaired by the depletion of MDM2, while overexpression MDM2 enhanced EMT occurrence in ovarian cells, through TGF-Smads-Snail/Slug pathway ([Figure 2](#fig2){ref-type="fig"}). Moreover, we stated that the ability of MDM2 to induce EMT is its ubiquitin E3 ligase activity independent, different from the existing reports. Collectively, our findings demonstrated MDM2 could trigger EMT and may result in metastasis in ovarian cancer cells, providing a novel molecular target for developing ovarian cancer therapies.

Various studies uncovered that Smads played a crucial role in mediating the intracellular signalling of the TGF-*β* ([@bib11]) and the TGF-*β*-Smads pathway is a key growth regulatory signalling often aberrantly expressed in ovarian cancer and other malignancies ([@bib4]). In the study of Yeung *et al* ([@bib29]), they showed TGF-*β*-Smads pathway modulates ovarian cancer invasion and EMT by upregulating target gene in tumour microenvironment. Thus, interfering the TGF-*β*-Smads pathway may be an effective strategy for metastasis ovarian cancer and lengthening survival durations in patients. It was reported that oncogene, MDM2, was induced by Smad3/Smad4 complex in response to TGF-*β*, consequently leading to EMT and possible migration of breast cancer cells ([@bib2]), indicating MDM2 is a downstream of TGF-*β*-Smads pathway. However, which whether could be mediated by MDM2 conversely remains unknown. Yam *et al* ([@bib27]) reported that MDM2 could suppress the transcriptional activity of ectopically expressed Smads, and they observed a colocalisation of MDM2 with ectopical Smads. In our present study, we focused on the function of endogenous Smads; and interestingly, MDM2 imposed positively regulatory effect on endogenous Smads, as indicated by enhanced phosphorylation of Smad2 or 3, induction of slug, snail, as well as suppression of E-cadherin ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}). Conversely, the depletion of MDM2 resulted in downregulation of transcriptional activities of Smad complex, as well as the downstreaming targets including slug and snail ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}). Together with the previous reports, a feed-back regulation of MDM2 and TGF-*β*-Smads have been established, and may participate in the progression of EMT upon TGF-*β* stimulation, further associated with decreased survival in ovarian cancer patients. This conclusion was in line with our analyses that the high expression of MDM2 and TGFB1 (the encoding gene of TGF-*β*1) in ovarian cancer patients samples (obtained from the TGCA database) are correlated closely with the poor prognosis and shorter overall survival days ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Therefore, MDM2 may be a critical molecular participating in TGF-*β*-Smads pathway, regarded as a potent therapeutic target of metastasis ovarian cancer.

In summary, our present study suggested that through the activation of Smads pathway and the increased transcription of Snail/Slug, followed by the subsequent attenuation of E-cadherin, MDM2 enhanced the motility and EMT in ovarian cancer cells. Furthermore, the deletion of MDM2 N-terminus (1--109) and the antagonist targeting the N-terminus of MDM2, Nutlin-3, could impaired TGF-*β* induced EMT and cell motility through TGF-*β*-Smads-Snail/Slug pathway ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Thus, the N-terminus of MDM2 is required for promoting cell motility and EMT occurrence and the MDM2 N-terminal selective antagonist may be regarded as potential anti-metastatic agents for ovarian cancer therapy.
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![**MDM2 enhanced the motility of ovarian cancer cells.** (**A**) The MDM2 overexpression and knockdown were achieved by the transfection of SKOV3 cells with pCMV*β*-MDM2 plasmid and MDM2-targeting siRNA, respectively. (**B**) Overexpression of MDM2 enhanced the ability of migration and invasion by transwell assay after incubation for 24 h, scale bar=50 *μ*m. (**C**) Wound-healing assay showed the result that the wound-healing ability of SKOV3 cells was increased by exogenous MDM2 transfection, scale bar=50 *μ*m. (**D)** The MDM2 silencing using siRNA resulted in reduced ability of invasion, which was determined by transwell assay. Solubilise crystal violet with 200 *μ*l 10% acetic acid per well, and quantify migratory rate by measuring the OD. Data were presented as means±s.d. from three independent experiments. \*\**P*\<0.01; \*\*\**P*\<0.001, as evaluated using Student's *t*-test. (**E**) Knockdown of MDM2 reduced cells motility, which was carried out by wound-healing assay.](bjc2017265f1){#fig1}

![**MDM2 induced EMT in ovarian cancer cells.** (**A**) Overexpression of MDM2 caused morphologic changes to a mesenchymal phenotype in SKOV3 cells. Representative photos were as indicated, scale bar=50 *μ*m. (**B**) Transfection of MDM2 induced downregulation of E-cadherin protein levels, which is determined by western Blot. (**C**) The TGF-*β* (5 ng ml^−1^) treatment stimulated morphologic changes to mesenchymal phenotype, which is subsequently rescued by MDM2 depletion, scale bar=50 *μ*m. (**D**) Knockdown of MDM2 increased E-cadherin protein expression, and abrogated the loss of E-cadherin upon TGF-*β* treatment. (**E**) The mRNA levels of *E-cadherin* expression were monitored by qRT-PCR assay. The MDM2 exogenous transfection resisted the *E-cadherin* transcription, whereas MDM2 siRNA upregulated the *E-cadherin* mRNA levels. (**F**) The MDM2 knockdown reversed the decline of *E-cadherin* mRNA triggered by TGF-*β*. Data were presented as means ± s.d. from three independent experiments. \**P*\<0.05; \*\*\**P*\<0.001, as evaluated using Student\'s *t*-test.](bjc2017265f2){#fig2}

![**MDM2 regulated the TGF-*β*-induced Snail/Slug activation in ovarian cancer cells.** (**A**) MDM2 plasmid was introduced to SKOV3 cells and raised the protein expression of Snail and Slug. (**B**) The qRT-PCR analyses revealed that the mRNA levels of *Snail* and *Slug* were upregulated by MDM2 overexpression. (**C**) The MDM2 siRNA abrogated the induction of Snail and Slug protein by TGF-*β* (5 ng ml^−1^). (**D**) MDM2 knockdown significantly repressed the mRNA levels of *Snail* and *Slug* increased by TGF-*β*. (**E**) SKOV3 cells treated with scramble or MDM2 siRNA were transfected with plasmids encoding SBE-luciferase and pRL-IRES Renilla in the presence or absence of TGF-*β* (5 ng ml^−1^) for 24 h. MDM2 depletion depressed the TGF-*β*-induced-SBE activity, which was measured by Luciferase assay. Data were presented as means ± s.d. from three independent experiments. \**P*\<0.05; \*\*\**P*\<0.001, as evaluated using Student\'s *t*-test.](bjc2017265f3){#fig3}

![**MDM2 facilitated Smad2/3 activation, which was conversely indispensable for MDM2 to induce EMT.** (**A**) MDM2 overexpression induced the phosphorylation of Smad2/3, even without the treatment of TGF-*β*. (**B**) MDM2 siRNA attenuated pSmad2 and pSmad3 levels provoked by TGF-*β* treatment (5 ng ml^−1^). (**C**) Depletion of Smad2, Smad3 or Smad4 rescued the downregulation of E-cadherin protein induced by MDM2 overexpression. (**D**) The expression of pSmad3 (green) and MDM2 (red) were detected by immunofluorescence, and MDM2 overexpression significantly enhanced pSmad3 expression in SKOV3 cells.](bjc2017265f4){#fig4}

![**N-terminal of MDM2 is required for inducing EMT and the motility of ovarian cancer cells.** (**A**) Nutlin-3a repressed the expression of Snail and Slug protein levels and the phosphorylation of Smad2/3 induced by TGF-*β* (5 ng ml^−1^). (**B**) Wound-healing assay showed Nutlin-3a greatly reversed TGF-*β*-mediated migration. (**C**) HLI-373 failed to rescue the protein expression of Snail, Slug and p-Smad2 raised by TGF-*β* stimulation. (**D**) TGF-*β*-mediated wound-healing could not be repaired by HLI-373. (**E**) Transwell assay revealed that HLI-373 imposed no effect on the ability of invaded migration triggered by exogenous MDM2 plasmid transfection. (**F**) Mutated MDM2 (Δ1--109) lost the activity to promote the reduction of E-cadherin, while MDM2 (Δ422--491) and MDM2 (C464A) mutants exhibited similar pattern with that of wide-type MDM2. (**G**) The deletion of MDM2 N-terminus failed to induce cell migration.](bjc2017265f5){#fig5}

![**MDM2 expression is associated with the stage of ovary carcinoma.** (**A**) Representative haematoxylin and eosin (H&E) and immunohistochemical (IHC) staining images of MDM2 expression in human ovary carcinoma tissues compared with normal ovarian tissues, scale bar=50 *μ*m. (**B**) The IHC results of normal and ovary carcinoma tissues were divided into three groups and the percentages of different MDM2 expression levels were analysed by manual scoring method respectively: 1--4 (low expression); 5--8 (medium expression); and 9--12. (**C**) The expression scores of MDM2 in normal and ovary carcinoma tissues were measured and calculated by Image Pro Plus (IPP) image analysis software. Data were presented as box plot of the percent fourth-instar raw data. \*\*\**P*\<0.001, as evaluated using Student\'s *t*-test.](bjc2017265f6){#fig6}

###### The correlation of of MDM2 expression and pathologic feature

  **Variable**        **Stage I--II (no.) non-metastasis**   **Stage III-IV (no.) metastasis**   ***χ***^**2**^    ***P*****-value**
  ------------------- -------------------------------------- ----------------------------------- ---------------- -------------------
  Low expression      5                                      1                                                              
  Medium expression   16                                     64                                  19.400                6.13E-05
  High expression     0                                      18                                                             

[^1]: These authors contribute equally to this work.
